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In marine teleosts, the aqp1ab water channel plays a vital role in the development of the pelagic egg
phenotype. However, the developmental control of aqp1ab activation during oogenesis remains to be
established. Here, we report the isolation of the 50-ﬂanking region of the teleost gilthead seabream
aqp1ab gene, in which we identify conserved cis-regulatory elements for the binding of the nuclear
progestin receptor (Pgr) and members of the Sox family of transcription factors. Subcellular localization
studies indicated that the Pgr, as well as sox3 and 8b transcripts, are co-expressed in seabream
oogonia, whereas in meiosis-arrested primary growth (pre-vitellogenic) oocytes, when aqp1ab mRNA
and protein are ﬁrst synthesized, the Pgr appears to be completely translocated from the ooplasm into
the nucleus. By contrast, sox9b is highly expressed in more advanced oocytes, coinciding with a strong
depletion of aqp1ab transcripts in the oocyte. Functional characterization of wild-type and mutated
aqp1ab promoter constructs, using mammalian cells and Xenopus laevis oocytes, demonstrated that
aqp1ab transcription is initiated by the Pgr, which is activated by the progestin 17a,20b-dihydroxy-4-
pregnen-3-one (17,20b-P), the natural ligand of the seabream Pgr. In vitro incubation of seabream
primary ovarian explants with the follicle-stimulating hormone or 17,20b-P conﬁrmed that progestin-
activated Pgr enhanced Aqp1ab synthesis via the aqp1ab promoter. However, transactivation assays in
heterologous systems showed that Sox transcription factors can potentially modulate this mechanism.
These data uncover the existence of an endocrine pathway involved in the early activation of a water
channel necessary for egg formation in marine teleosts.
& 2013 Elsevier Inc. All rights reserved.Introduction
Prior to zygotic activation, early development of vertebrates is
controlled by maternal factors that are synthesized and stored
during oogenesis. Studies in different model organisms have
shown that these maternal factors, primarily mRNAs, play impor-
tant roles during early pattern formation of the embryo (Heasman,ll rights reserved.
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Much less is known, however, concerning the molecular regulation
of other maternal factors, which play speciﬁc roles during the ﬁnal
stages of egg formation.
In oviparous marine teleosts, such as the gilthead seabrem
(Sparus aurata), one maternal factor involved in the formation of
a competent egg was identiﬁed as a molecular water channel
controlling the pre-ovulatory hydration of the oocyte (Fabra et al.,
2005). Studies in modern and ancient lineages have revealed that
this factor is a tandemly arranged teleost-speciﬁc water channel
termed Aqp1ab, that is synthesized during early oogenesis,
transported to the oocyte cortex during the growth (vitellogenic)
period, and temporally inserted in the oocyte plasma membrane
during meiosis resumption (Fabra et al., 2006; Kagawa et al.,
2009; Zapater et al., 2011). Due to a concomitant hydrolysis of
yolk proteins and increase of organic and inorganic osmolytes
(Cerda et al., 2007; Finn, 2007; Finn and Kristoffersen, 2007;
Kristoffersen et al., 2009) a massive uptake of water mediated by
Aqp1ab occurs, which together with the accumulation of lipids,
confers the pelagic (buoyant) phenotype of most marine teleost
eggs (Fulton, 1898; Finn and Kristoffersen, 2007). The process of
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the embryos in the ocean since it assures a water reservoir prior
to the development of osmoregulatory organs, and facilitates egg
dispersal (Fyhn et al., 1999; Finn and Kristoffersen, 2007; Cerda,
2009). Indeed, it has been shown that speciﬁc immunological
inhibition of Aqp1ab in oocytes undergoing meiotic maturation
blocks the hydration mechanism (Zapater et al., 2011), resulting
in sinking eggs that are unable to develop into embryos (Carnevali
et al., 2001). Thus, the pelagic phenotype of marine teleost eggs
represents a crucial developmental adaptation that has been
associated with the successful radiation of this vertebrate group
in the oceanic environment (Finn and Kristoffersen, 2007).
Studies of marine teleosts that produce highly or moderately
hydrated eggs have revealed an usually high accumulation of
aqp1ab transcripts in the ovary (Fabra et al., 2006; Tingaud-
Sequeira et al., 2008; Singh and Joy, 2010; Chaube et al., 2011;
Kagawa et al., 2011; Zapater et al., 2011). In contrast, in fresh-
water teleosts that produce non-hydrated eggs, such as the
zebraﬁsh (Danio rerio), this mechanism does not occur (Tingaud-
Sequeira et al., 2008, 2010), which coincides with the fact that in
these species yolk proteolysis and oocyte hydration during
meiosis resumption is either absent, or is very minor (Selman
et al., 1993; Finn and Fyhn, 2010). However, as for tetrapod
aquaporins that are expressed in the oocyte, such as AQP3, 7,
9, or AQPxlo (Edashige et al., 2000; Ford et al., 2000; Schreiber
et al., 2000; Virkki et al., 2002; Jin et al., 2011), the ovarian
regulation of the aqp1ab gene is not yet known. The expression of
aqp1ab in ﬁsh oocytes thus offers an opportune experimental
system to investigate the transcriptional regulation of aquaporins
in vertebrate germ cells. In addition, because the aqp1ab gene
plays a crucial role during the later stages of egg formation, when
developmental regulation may differ from genes involved in the
control of maternal RNAs required for early embryogenesis, this
model may represent a paradigm for molecular pathways con-
trolling the early expression of genes speciﬁcally needed for
oocyte development.
To begin to dissect the molecular mechanisms involved in the
transcriptional regulation of aqp1ab in marine teleost oocytes, we
isolated and functionally characterized the promoter of the gilt-
head seabream aqp1ab gene. After cellular localization studies
and in vitro experiments with ovarian explants, we found that
aqp1ab transcription and translation are precisely initiated in
meiosis-arrested primary growth (pre-vitellogenic) oocytes by
the nuclear progestin receptor (Pgr), which is activated by the
progestin 17a,20b-dihydroxy-4-pregnen-3-one (17,20b-P) synthe-
sized by granulosa cells in response to the follicle-stimulating
hormone. These data thus reveal a novel endocrine pathway for the
tight developmental regulation of aqp1ab during oogenesis of a
non-mammalian vertebrate.Materials and methods
Animals
Adult gilthead seabream were obtained and maintained in the
laboratory as previously described (Fabra et al., 2006). Females
were collected and sacriﬁced at different times throughout the
natural reproductive cycle. At all sampling times, the gonadoso-
matic index (GSI) was determined [gonad weight (g)/ﬁsh weight
(g)100] and gonad samples were taken from each ﬁsh, frozen in
liquid nitrogen and stored at 80 1C. Three different pieces of the
gonad were processed for in situ hybridization, immunoﬂuores-
cence or in vitro culture. Additional gonad samples were ﬁxed in
modiﬁed Bouin solution (75% picric acid and 25% formalin) to
determine the stage of ovarian development by histologicalanalysis as described by Zapater et al. (2012). Procedures relating
to the care and sacriﬁce of animals were approved by the Ethics
Committee from Institut de Recerca i Tecnologia Agroalimentaries
(IRTA, Spain) in accordance with the Guiding Principles for the
Care and Use of Laboratory Animals.Cell culture
The human breast cancer cell line MCF-7 was kindly provided
by Dr. Miguel Beato (Centre de Regulacio´ Gen omica and Uni-
versitat Pompeu Fabra, Barcelona, Spain). MCF-7 cells were
maintained at 37 1C in an atmosphere of air/CO2 [95:5 (v/v)]
in Dulbecco’s modiﬁed Eagle’s medium (DMEM; Invitrogen, Life
Technologies Corp., Carlsbad, CA) supplemented with 10% v/v
fetal bovine serum (FBS; Invitrogen), 260 U/ml of penicillin and
streptomycin (Invitrogen) and 2 mM L-glutamine (Invitrogen).
Human embryonic kidney cells 293 T (HEK293T) were grown
under the same conditions.
Isolation of the gilthead seabream aqp1ab promoter
The genomic sequence covering the intergenic cassette
between seabream aqp1aa and aqp1ab loci (10 kb) was ampli-
ﬁed by PCR on liver-extracted genomic DNA using the Expand
Long Template PCR system 3 (Roche, Basel, Switzerland) and a
forward gene speciﬁc primer in the C-terminus of aqp1aa (Gen-
Bank accession number AY626939; 50-CGACGTTAACGGAGG-
CAATG-30) and a reverse primer in the N-terminus of aqp1ab
(GenBank accession number AY626938; 50-CCGATGATGGCGGT-
CAAAC-30). The PCR product was puriﬁed and partially sequenced
by BigDye Terminator Version 3.1 cycle sequencing on ABI PRISM
377 DNA analyzer (Applied Biosystems, Life Technologies Corp.)
using the aqp1ab reverse primer. Using this genomic sequence
new primers were designed to sequence up to 1.7 kb upstream of
the aqp1ab ATG codon. Forward and aqp1ab reverse primers were
ﬁnally employed to amplify a 1.672 kb fragment using a high
ﬁdelity polymerase (Easy-A
TM
High-Fidelity PCR Cloning Enzyme;
Agilent Life Sciences, Santa Clara, CA). This fragment showed 100%
sequence identity to an overlapping portion from the 50-end of
the aqp1ab cDNA, and was cloned into the pGEM-T Easy vector
(Promega, Madison, WI), sequenced on both strands, and used for
further in silico and functional analyses. The nucleotide sequence
was submitted to GenBank under accession number KC107825.
Promoter constructs and site-directed mutagenesis
The 1.672-kb DNA fragment of the 50 ﬂanking region of the
seabream aqp1ab gene was subcloned into the BglII and SmaI sites
of the luciferase reporter vector pGL3-basic (Promega). Shorter
deletion constructs (1005, 661, 509, 398, and 255 bp)
were synthesized by PCR from the pGL3-aqp1ab-prom parent
construct using different forward primers and a common reverse
primer (50-GCAGATCTCTCCGCGTCGAATGTGTTCG-30). The forward
primers were 50-GCGCCCGGGGCTTTACACTACTTCAAAGTG-30,
50-GCGCCCGGGGCTATAAATCCGGCTTGCGTG-30, 50-CGCCCGGGG-
ATCATTGGGTACGTATTGC-30, and 50-CGCCCGGGGGGCAGGACC-
GATGAGCGGC-30, for the 1005, 661, 509 and 398 bp dele-
tions, respectively. The 255-bp deletion was obtained by digestion
of the 1.672-kb fragment with XhoI and BglII. Mutations were
introduced into the putative PRE and SOX binding sites of the
1.672-kb or 661-bp wild type fragments using the QuikChange
Site-Directed Mutagenesis Kit (Agilent Life Sciences). For the PRE (50-
TGTTCT-30) and SOX (50-(A/T/G)(T/A)CAATG-30) sites, the sequences
were, respectively, converted to 50-AAAAAA-30 or 50-(A/T/G)(T/A)
AAAAG-30 (nucleotides substituted are underlined). All constructs
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check that no mutations were introduced into the luciferase open
reading frame.
RNA ligase-mediated rapid ampliﬁcation of 50 cDNA ends
(50 RLM-RACE)
50 RLM-RACE (Maruyama and Sugano, 1994; Schaefer, 1995;
Volloch et al., 1994) was performed using the GeneRacer kit
(Invitrogen, Life Technologies Corp.). In short, the total RNA from
primary ovaries was extracted using the RNeasy mini kit (Qiagen
GmbH, Hilden, Germany) and treated with DNase using the
RNase-Free DNase kit (Qiagen) following the manufacturer’s
instructions. The RNA was dephosphorylated using calf intestinal
phosphatase, and then decapped using tobacco acid pyropho-
sphatase to target full-length messenger RNAs. An RNA oligonu-
cleotide was then ligated to the full-length decapped mRNAs and
reverse transcription was performed at 50 1C using an aqp1ab
cDNA-speciﬁc primer (50-ACTGCAGGATTAAAGTGTG-30) and
SuperScript
TM
III RT (Invitrogen). PCR was done to amplify the
resultant cDNAs using the GeneRacer 50 primer and a primer
consisting of bases in the N-terminus of the aqp1ab cDNA
(50-CTCTGAACCAGAGTGGCGATA-30). Nested PCR was then done
to eliminate the possibility of artifacts using the GeneRacer 50
nested primer and aqp1ab primers (50-GACCTTCAGCTCCTGAG-
CAA-30). The RACE nested PCR products were cloned into the
pCRs4-TOPOs vector using the TOPO TA Cloning kit (Invitrogen)
and sequenced as above.
Cloning of gilthead seabream sox cDNAs
Total RNA (10 mg), extracted from the ovary was reverse
transcribed using 20 IU of SuperScript II RT (Invitrogen), 0.5 mM
oligo(dT)12–18, 40 IU of RNase out and 1 mM dNTPs for 1.5 h at
42 1C. The PCR was carried out with 1 ml of the RT reaction in a
volume of 50 ml containing 5 ml of PCR buffer plus Mg2þ , 0.2 mM
dNTPs, 1 mM of each degenerate forward and reverse oligonucleo-
tide primers (50-ATGAAYGCNTTYATGGTNTGG-30 and 50-GGNCGR-
TAYTTRTARTCNGG-30, respectively), and 1 IU of Taq polymerase
(Roche). Reactions were ampliﬁed using one cycle of 95 1C for
5 min, then 35 cycles of 95 1C for 30 s, 55 1C for 30 s, and 72 1C for
1 min, followed by a ﬁnal 7-min elongation at 72 1C. The products
were cloned into the pGEM-T Easy vector and sequenced. The
50 and 30 ends of three sox cDNAs were ampliﬁed by one or two
consecutive rounds of 50 and 30 RACE (Invitrogen) using speciﬁc
primers. The full-length cDNAs were ﬁnally ampliﬁed using the
Easy-A
TM
High-Fidelity PCR Cloning Enzyme and sequenced. The
nucleotide sequences of the seabream sox cDNAs were submitted
to GenBank under accession numbers JX508598 (sox3), JX508600
(sox8b) and JX508599 (sox9b).
Sequence and phylogenetic analyses
The DNA sequence of the 50 ﬂanking region of seabream
aqp1ab was analyzed with the Matinspector [www.genomatix.
de; (Cartharius et al., 2005)], Transcription Element Search [TESS;
www.cbil.upenn.edu/cgi-bin/tess; (Schug and Overton, 1997)],
and Alibaba2.1 [www.gene-regulation.com/pub/programs/alibaba2/
index.html; (Grabe, 2002)] software resources for the pre-
sence of putative binding sites for transcription factors. The
50 genomic regions of teleost aqp1ab were retrieved from avail-
able Ensembl v70 genomes, including the green-spotted puffer-
ﬁsh (Tetraodon nigroviridis), Nile tilapia (Oreochromis niloticus),
three-spined stickleback (Gasterosteus aculeatus), and zebraﬁsh.
The absence of the aqp1ab gene previously reported for medaka
(Oryzias latipes) (Tingaud-Sequeira et al., 2008) was conﬁrmedhere for the southern platyﬁsh (Xiphophorus maculatus), a related
atherinomorph teleost. In addition to the ensembl data, the
intergenic region of the Atlantic salmon (Salmo salar) aqp1aa
and aqp1ab genes was retrieved from the National Center for
Biotechnology Information (NCBI) whole-genome shotgun contigs
database (www.ncbi.nlm.nih.gov). Each intergenic region was
analyzed as above.
For phylogenetic analyses of Sox transcription factors, the
deduced amino acid sequences of the seabream sox3, sox8b and
sox9b nucleotides were aligned (t-coffee and MAFFT) in relation
to 116 vertebrate orthologs, converted to codon alignments
using Pal2Nal (Suyama et al., 2006) and analyzed via Bayesian
(Mr. Bayes v3.2 with 2 million MCMC generations) and maximum
likelihood (PAUP v4b10-x86-macosx) protocols as described pre-
viously (Finn and Kristoffersen, 2007; Kristoffersen et al., 2009;
Tingaud-Sequeira et al., 2010; Applebaum et al., 2012).Transient transfection and reporter assays in cultured cells
MCF-7 and HEK293T cells were plated in 24-well plates as
described above and maintained until cells reached 90–95%
conﬂuence. For HEK293T cells, transient transfections were per-
formed in the same medium using a standard calcium phosphate
precipitation method. For MCF-7 cells, transfections were done in
serum-free DMEM with 260 U/ml of penicillin and streptomycin
and 2 mM L-glutamine using Fugene (Promega) according to the
manufacturer’s instructions. HEK293T cells were co-transfected
with 75 ng of wild type or mutated pGL3-aqp1ab-prom luciferase
reporter plasmid, 75 ng of the Pgr, Sox3, Sox8b or Sox9b expres-
sion vectors [cloned into the EcoRI and XbaI sites of the pcDNA3
vector (Invitrogen)], and 50 ng of b-Galactosidase (b-Gal) plasmid
(Promega), as indicated for each experiment. To test the effect of
the coexpression of Pgr and Sox factors different amounts of the
empty vector pcDNA3 were cotransfected to use equal amounts of
total DNA in the individual transfections. Control cells were
transfected with the same amounts of pGL3 and pcDNA3 empty
vectors and b-Gal. MCF-7 cells were co-transfected only with the
pGL3-aqp1ab-prom and b-Gal plasmids. After 24 h, for both
HEK293T and MCF-7 cells, the medium was replaced by transac-
tivation assay medium, DMEM/F12 without phenol red (Invitro-
gen) supplemented with 5% v/v charcoal-stripped FBS
(Invitrogen), 260 U/ml of penicillin and streptomycin and 2 mM
L-glutamine, containing different steroids (purchased from Sigma-
Aldrich). MCF-7 cells, expressing endogenous PGR, were exposed
to progesterone (P4; 1–100 ng/ml), whereas HEK293T cells
expressing the seabream Pgr were stimulated with 17,20b-P, 17a,
20b,21-trihydroxy-4-pregnen-3-one (17,20b,21-P), 17b-estradiol
(E2), or testosterone (T) (from 1010 M to 105 M). In all cases,
the ﬁnal concentration of the ethanol vehicle was 0.1% (v/v), and
the steroids were tested in triplicate. In other experiments,
HEK293T cells were stimulated with 0.1 mM 17,20b-P in the
presence or absence of 10 mM of the mammalian PGR antagonist
RU486 (Sigma-Aldrich). After incubation at 37 1C for 24–36 h, the
cells were harvested in Reporter Lysis buffer (Promega), incu-
bated at 80 1C for 2–3 h, vortexed, centrifuged at maximum
speed during 1 min, and the supernatant collected. Luciferase
activity was determined using the Luciferase Assay System
(Promega) on 20 ml of cell lysates in a 96-well plate, and
luminescence was measured with a Orion II microplate lumin-
ometer (Titertek-Berthold). Luciferase activity was normalized to
b-Gal activity measured by colorimetric detection using nitro-
phenyl b-D-galactopyranoside (Sigma-Aldrich) substrate. Reporter
activity was expressed as the ratio of normalized luciferase
activity to that of control cells.
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Luciferase assays in X. laevis oocytes were carried out as previously
described (Tian et al., 2000; Li et al., 2009) with some modiﬁcations.
The seabream Pgr, Sox3, Sox8b and Sox9b cDNAs were subcloned into
the EcoRV and SpeI sites of the pT7Ts expression construct (Deen
et al., 1994), and capped RNAs (cRNAs) were synthesized as pre-
viously described (Zapater et al., 2011). The isolation, defolliculation,
and injection of X. laevis oocytes were done as described previously
(Deen et al., 1994). Stage IV oocytes were injected with 25 nl of water
containing 5 ng of the b-Gal plasmid and 5 ng of wild-type or
mutated pGL3-aqp1ab-prom luciferasa reporter construct, or empty
pGL3 (controls), and incubated in modiﬁed Barth’s medium (MBS) for
24 h at 18 1C. Oocytes were then injected again with water (controls)
or 5 ng of Pgr and/or Sox3, Sox8b or Sox 9b cRNAs in a volume of
25 nl and incubated in MBS at 18 1C for 24 h. After 24 h, oocytes were
exposed to 100 ng/ml 17,20b-P or 0.1% (v/v) ethanol vehicle for 6 h at
18 1C, and subsequently oocytes were homogenized in 200 ml of
reporter lysis buffer (Promega). The homogenate was centrifuged at
14,000 g for 15 min at 4 1C, and the aqueous supernatant collected
to measure luciferase activity as described above. Reporter activity
was expressed as the ratio of normalized luciferase activity to b-Gal
to that of control oocytes.
In situ hybridization
Ovarian pieces at different developmental stages were ﬁxed in 4%
paraformaldehyde (PFA) for 16–20 h at 4 1C to determine the sites of
expression of aqp1ab, sox3, sox8b and sox9b by in situ hybridization
according to previously described protocols (Zapater et al., 2012).
DIG-labelled sense and antisense riboprobes were synthesized with
SP6 and T7 RNA polymerases using the DIG RNA labelling Kit (Roche).
The probes were as follows: for aqp1ab, nucleotides 700–948; for
sox3, nucleotides 301–950; for sox8b, nucleotides 1145–1551; and for
sox9b, nucleotides 1301–1664. Post-hybridization washing steps were
2 SSC with 50% formamide for 30 min at 50 1C, two washes in 2
SSC at 42 1C or 50 1C for 15min, and one wash in 0.5 SSC or 0.2
SSC at 42 1C or 50 1C, respectively, for 15 min. Sections were
examined and photographed with a Zeiss imager.z1 microscope (Carl
Zeiss MicroImaging, S.L, Oberkochen, Germany).
Immunoﬂuorescence microscopy
Ovarian samples were ﬁxed with 4% PFA for 6 h at room
temperature and subsequently dehydrated and embedded in Para-
plast (Sigma-Aldrich). Sections of 6 mm in thickness were blocked
with 5% goat serum, 0.1% BSA in PBST (0.1% Tween in PBS) for 1 h,
and incubated (1:400) with afﬁnity-puriﬁed antibodies against gilt-
head seabream Pgr (Zapater et al., 2013) or Aqp1ab (Fabra et al.,
2005) in PBST with 1% goat serum and 0.1% BSA overnight at
4 1C. For Aqp1ab antigen retrieval, sections were treated with PBS
containing 0.1% SDS for 10 min at room temperature before block-
ing. After the incubation with the primary antibodies, sections were
washed with PBST and incubated with secondary anti-rabbit IgG
FITC- or Cy3-coupled antibodies (Sigma-Aldrich) for 2 h at room
temperature. Sections were counterstained with 40,6-diamidino-2-
phenylindole (1:3000; DAPI; Sigma-Aldrich) for 3 min and mounted
with FluoromountTM Aqueous Mounting Medium (Sigma-Aldrich).
Images were documented as above.
In vitro incubation of ovarian explants
Ovaries containing only oogonia and primary growth stage
follicles, were placed in Petri dishes with 75% Leivovitz L-15 culture
medium with L-glutamine (Sigma-Aldrich) and 100 mg/ml gentami-
cine at pH 7.5. Ovaries were manually dissected into smallfragments (100 mg) and placed in 24-well plastic tissue culture
dishes containing 1 ml of fresh culture medium. For each experi-
ment, explants from one female were incubated in triplicate with
recombinant, single-chain European seabass (Dicentrarchus labrax)
follicle-stimulating hormone (rFsh; 1–100 ng/ml), produced as pre-
viously reported (Zapater et al., 2012), or with 17,20b-P (10 or
100 ng/ml). Control groups were treated with an equivalent volume
of the cell culture medium used for rFsh production or ethanol.
In some experiments, explants were preincubated with 100 mM
of the steroidogenesis inhibitor DL-aminoglutethimide (AGI), the
carbonyl reductase inhibitor indomethacin (Indo; Sreenivasulu and
Senthilkumaran, 2009; Zapater et al., 2012), or the Pgr antagonist
RU486, for 1 h prior to the addition of the hormones. Explants were
cultured at 18 1C in a temperature-controlled incubator up to 72 h.
Every 24 h, tissues were harvested, frozen in liquid nitrogen and
stored at 80 1C until analysis.
Real-time quantitative reverse transcription PCR (qRT-PCR)
Quantiﬁcation of aqp1ab transcripts in whole ovaries at dif-
ferent developmental stages was performed by qRT-PCR using
SYBR green qPCR master mix (Life Technologies Corp.) as pre-
viously described (Chauvigne´ et al., 2010). Speciﬁc aqp1ab for-
ward and reverse primers were 50-GCGACGGAGTGATGTCAAAGG-
30 and 50-AGATAAGAGCCGCCGCTATGC-30, respectively. Cycle
numbers were normalized to 18s ribosomal RNA, for which
expression levels did not change signiﬁcantly between experi-
mental samples (data not shown), using the forward and reverse
primers 50-GAATTGACGGAAGGGCACCACCAG-30 and 50-ACTAA-
GAACGGCCATGCACCACCAC-30, respectively. The relative tran-
script level was calculated by using a standard curve generated
for each primer pair from 10-fold serial dilutions of a pool of ﬁrst-
stranded cDNA template from ovary samples. All calibration
curves exhibited correlation coefﬁcients higher than 0.98, and
the corresponding qRT-PCR efﬁciencies were greater than 99%.
The comparative Ct method was used for relative quantiﬁcation
of the aqp1ab transcript levels in ovarian explants after hormone
treatment in vitro. Primers were as above and the quantiﬁcation was
also normalized to 18 s. Fold-changes in the relative mRNA expres-
sion with respect the 24 h controls were determined using the
formula 2DDCt (Livak and Schmittgen, 2001).
Immunoblotting
Ovarian pieces were homogenized in cold lysis buffer [50 mM
Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, 5 mM
EGTA, 0.5% Na deoxycholate, 0.5% SDS, 10 mM DTT, 10 mM NaF,
0.5 mM Na3VO4 and protease inhibitors (EDTA-free Protease Inhi-
bitor Cocktail Tablets, Roche)], and centrifuged at 14,000 g for
10 min at 4 1C. One aliquot of the supernatant was removed to
determine the protein concentration with the Bio-Rad Protein Assay
kit (Bio-Rad Laboratories Inc., Hercules, CA), and the rest mixed with
4 Laemmli sample buffer. For immunoblotting, 30 mg of total
protein were denatured at 95 1C for 10 min, subjected to 8.5% SDS-
PAGE, and transferred onto nitrocellulose membranes as previously
described (Zapater et al., 2011). The membranes were blocked with
5% non-fat milk powder in TBST for 1 h at room temperature and
subsequently incubated overnight at 4 1Cwith the seabream Aqp1ab
antiserum (1:500). Bound antibodies were detected with 1:2000-
diluted goat anti-rabbit IgG coupled to horseradish peroxidase
(Rockland, Gilbertsville, PA), and proteins were visualized by
using enhanced chemiluminescence (Picomax, Rockland). For semi-
quantitative determination of Aqp1ab abundance in primary ovarian
explants after hormone treatment in vitro, triplicate protein
samples were transferred to duplicate membranes and incubated
with either anti-Aqp1ab antiserum or anti-alpha-tubulin rabbit
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bands were analyzed by densitometry using the Quantity-One
software (Bio-Rad Laboratories Inc.).
Chromatin immunoprecipitation (ChIP) assays
Frozen ovarian explants previously incubated in vitro with
ethanol or 100 ng/ml 17,20b-P for 72 h, in the presence or absence
of RU486, were cross-linked by homogenization in 5 ml of buffer A
(60 mM KCl, 15 mM NaCl, 15 mM HEPES pH 7.6, 60 mM MgCl2,
0.5% Triton X-100, 0.5 mM DTT, and protease inhibitors) containing
1.5% formaldehyde for 15 min at room temperature with rocking.
The cross-linking reaction was quenched with 225 mM glycine for
5 min. The homogenate was centrifuged at 4000 g for 5 min at
4 1C, and the pellet washed twice in buffer A and once in lysis buffer
(140 mM NaCl, 15 mM HEPES pH7.6, 1 mM EDTA, 0.5 mM EGTA, 1%
Triton X-100, 0.5 mM DTT, 0.1% Na deoxycholate and protease
inhibitors). The samples were then lysed in lysis buffer supplemen-
ted with 0.1% SDS and 0.5% Triton X-100 and sonicated with three
15-s pulses at 30% amplitude on ice using a Digital Soniﬁers S-250D
(Branson Ultraschall, Dietzenbach, Germany). The sonicated chro-
matin was spun for 15 min at 14,000 g to pellet celluar debris, and
the supernatant was diluted 1:1 (v/v) with the ChIP buffer (0.01%
SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris–HCl pH 8.1 and
167 mM NaCl). Ten percent of the volume of the supernatant wasFig. 1. Both aqp1ab transcripts and protein product are accumulated in gilthead seabr
aqp1ab in situ hybridization (A)–(D), and Aqp1ab bright ﬁeld ((E)–(G)) and immunoﬂ
primary growth ((A) and (E)) or vitellogenic stages ((B)–(D) and (F)–(G)). For immunoﬂu
cell nuclei. Transcripts for aqp1ab are accumulated in the cytoplasm of primary growth
cortical alveolus and vitellogenic oocytes was hardly detectable ((B) and (C)). Control se
with 0.1% SDS revealed that Aqp1ab polypeptides colocalize with the mRNA in the
vitellogenic oocytes (G), the protein is translocated towards the oocyte plasma membr
without SDS treatment, whereas in primary growth oocytes ((E0) and (F0)) SDS is nec
express Aqp1ab. n, nucleus; PG, primary growth oocyte; CA, cortical alveolus oocyte; (V
qRT-PCR of ovarian samples in relation to the gonadosomatic index (GSI) of females an
n¼4–5 females), normalized to 18s ribosomal RNA, in ovaries at early or more devel
exclusively oogonia and primary growth oocytes, or at the cortical alveolus (CA), early v
of protein extracts from ovaries at the ePG and V stages from three females. The arrow
monomers (Tingaud-Sequeira et al., 2008), whereas the arrowhead points to other pos
mass marker (kDa) is on the left.removed and kept as ‘‘input’’. The remaining supernatant was pre-
cleared by adding activated G protein magnetic beads (Merck
Millipore, Billerica, MA) and salmon sperm DNA (Sigma-Aldrich)
and incubated for 30 min at 4 1C with rocking. The precleared
chromatin was divided into two equal aliquots and each aliquot
incubated overnight at 4 1C with 10 mg of the seabream Pgr speciﬁc
antibody or normal rabbit IgG. Next, activated G protein magnetic
beads and salmon DNA sperm were added to the extract and
incubated for 1 h at 4 1C. The beads were washed at 4 1C while
rocking with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
2 mM Tris–HCl pH 8.1, 150 mM NaCl), high salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 2 mM Tris–HCl pH 8.1, 500 mM NaCl),
LiCl buffer (0.25 M LiCl, 1% Triton X-100, 1% Na deoxycholate, 1 mM
EDTA, 10 mM Tris–HCl pH 8.1), and TE buffer pH 8.0. After the
washes, the chromatin was eluted from the beads with the elution
buffer (1% SDS and 0.1 M NaHCO3), and both immunoprecipitated
products and input samples reverse cross-linked by adding 200 mM
NaCl at 65 1C overnight. Subsequently, samples were digested with
20 mg proteinase K (Sigma-Aldrich) and puriﬁed with phenol/chloro-
form. Immunoprecipitated and input DNA from each replicate
explant were analyzed in triplicate by real-time quantitative PCR
(qPCR) using speciﬁc primers ﬂanking the putative PRE(a) (forward
50-TTTGCCAGTGTTGCACTCAT-30, and reverse 50-TCTGGGCACCAA-
CAGAGAAT-30) and PRE(b) (forward 50-GGTGGCAGCTCTCCTGTA-
TT-30, and reverse 50-CAGGCTACGTCCTTGACCAT-30) in the seabreameam primary oocytes in vivo. Representative (n¼3 females) photomicrographs of
uorescence microscopy images ((E0)–(G0)), on parafﬁn sections of ovaries at the
orescence, sections were counterstained with DAPI (blue color) for visualization of
oocytes, whereas oogonia (arrows) are negative (A). The expression of aqp1ab in
ctions incubated with sense probes were negative (D). Antigen retrieval treatment
cytoplasm of primary growth oocytes ((E) and (E0)). In cortical alveolus (F) and
ane (arrows in (F0) and (G0)). Note that in these oocytes, Aqp1ab can be detected
essary. Follicle cells surrounding primary growth or vitellogenic oocytes did not
) vitellogenic oocyte. (H) Quantitative changes in aqp1ab expression determined by
d oogenic stage of development. Data represent relative mean expression (7SEM;
oped primary growth stages (ePG and PG, respectively), in both cases containing
itellogenic (eV), and vitellogenic (V) stages. I, Representative Aqp1ab immunoblot
s indicate dephosphorylated (Aqp1ab) and phosphorylated (Aqp1ab-P) aquaporin
t-translational modiﬁcations of Aqp1ab or potential Aqp1ab dimers. A molecular
C. Zapater et al. / Developmental Biology 377 (2013) 345–362350proximal aqp1ab promoter. For PRE(a) and PRE(b) primers, the DNA
was diluted 10- and 50-fold, respectively, and the PCR ampliﬁcation
protocol was the same as for qRT-PCR. For quantiﬁcation, the
calculated chromatin concentration (determined with the DDCt
method) obtained with the anti-Pgr antibody was normalized with
the input chromatin speciﬁc for each condition since the level of
background signal (IgG) with both primer sets was undetectable for
all experimental conditions (not shown).
Statistical analysis
All reporter and ChIP experiments, and in vitro incubations,
were repeated between three and four times (as indicated in
the ﬁgure legends), with all treatments performed in triplicate.
The data represent means (7SEM) of independent experiments
carried out on cells from different transfections or on differentFig. 2. Nucleotide sequence of the gilthead seabream aqp1ab proximal promoter and
1.10-kb nucleotide sequence ﬂanking the 50 of the aqp1ab gene is shown (see also Suppl
been assigned to the ﬁrst nucleotide of the translation start codon ATG. The TSSs determ
splicing sites for mRNA synthesis are indicated by arrowheads (see B below). The thre
exons 2/3, 3 and 4, respectively, of the aqp1ab gene are highlighted in grey. In silico ide
sequences are underlined with wavy lines, and core sequences for progestin respons
Agarose gel electrophoresis of nested PCR reaction products from the RLM-RACE proced
the cDNA in the PCR reaction. Molecular size markers (kb) are indicated on the left. O
the duplicated seabream aqp1ab pseudogene upstream of the translation initiation codo
the structure of different mRNAs originating from ﬁve major TSS (TSS1-TSS5). The TSS
The grey boxes indicate sequences of the mRNA 50 UTR showing similarity with aqp1abatches of oocytes, or peformed on single females, such that n
equals the number of experiments/females in each case. Data
were statistically analyzed using one- or two-way analysis of
variance (ANOVA), or by Kruskal–Wallis one way ANOVA on
Ranks, followed by Tukey’s pairwise comparison. Signiﬁcance
was assessed relative to Po0.05.Results
Aqp1ab is transcribed and translated in primary growth oocytes
in vivo
We initially re-examined the developmental regulation of aqp1ab
gene expression during gilthead seabream oogenesis by performing
in situ hybridization and immunoﬂuorescence microscopy (Fig. 1).mapping of the transcription initiation sites (TSS) by RLM-RACE. A, The proximal
emental Fig. S1). Numbers on the left indicate distance from position þ1 which has
ined by RLM-RACE (see B below) are indicated by right-angled arrows, whereas the
e genomic regions upstream of the aqp1ab gene that show sequence similarity to
ntiﬁed TATA and CCAAT boxes in the aqp1ab promoter are boxed, lnr and lnr-like
ive elements (PREs) and SOX binding sites are underlined with straight lines. B,
ure using RNA isolated from seabream primary ovaries. Controls (minus) omitted
n the right, the major PCR products are marked. C, Schematic representation of
n showing the putative exons (boxed in grey), the PRE and SOX binding sites, and
s were identiﬁed by cloning and sequencing the RLM-RACE products shown in B.
b exons 2/3, 3 and 4.
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follicles containing oocytes from previtellogenesis up to the matura-
tion stage can be sequentially observed in a single ovary during the
reproductive season (Fabra et al., 2006). Thus, histological sections
of each stage (oogonia, previtellogenic, primary growth [i.e. perinu-
cleolus stage], cortical alveoli, and vitellogenic oocytes), allowed us
to determine the cellular sites of aqp1ab mRNA and Aqp1ab protein
expression during oocyte development in vivo.
Transcripts of aqp1ab were ﬁrst noted by in situ hybridization
in the cytoplasm of primary growth oocytes, whereas no signal
was observed in oogonia (Fig. 1A). At later stages of oocyte
development, i.e. cortical alveoli and vitellogenic stages, aqp1ab
expression in the ooplasm was very low (Fig. 1B and C). Control
sections incubated with sense probes were negative (Fig. 1D).
Immunoﬂuorescence microscopy using a seabream Aqp1ab
afﬁnity-puriﬁed antibody (Fabra et al., 2005) and antigen retrieval
treatments (i.e. 0.1% SDS) revealed the presence of Aqp1ab
polypeptides spread in the cytoplasm of primary oocytes
(Fig. 1E and E0), in cytoplasmic vesicles located in the peripheral
ooplasm of cortical alveoli oocytes (Fig. 1F and F0), and within a
thin layer below the oocyte plasma membrane of advanced
vitellogenic oocytes (Fig. 1G and G0). These data thus conﬁrm
that seabream oogonia do not express aqp1ab mRNA or protein
product, but show for the ﬁrst time that both molecules are
initially expressed and co-localized in primary oocytes.
Determination of aqp1ab transcript levels in different ovarian
stages by qRT-PCR revealed an inverse relationship to the GSI,
where the highest levels are accumulated in ovaries at an early
primary growth stage, but decline to background levels by the
early vitellogenic phase (Fig. 1H). Such a strong reduction of
the aqp1ab transcript levels during ovarian growth is possibly due
to the associated decrease in the frequency of primary follicles in
the ovary (up to 85%) (Zapater et al., 2012). Immunoblotting
experiments conﬁrmed the immunocytochemical data showing
no change in the Aqp1ab expression titre between the early
primary growth and vitellogenic stages (Fig. 1I), although the
proportion of dephosphorylated vs. phosphorylated Aqp1ab
(Tingaud-Sequeira et al., 2008) seems to be lower in vitellogenic
ovaries (Fig. 1I, arrows). Additional Aqp1ab reactive bands of
50 kDa were also detected in both ovarian stages (Fig. 1I,
arrowhead) which may correspond to glycosylated forms of
Aqp1ab or Aqp1ab dimers. These data thus suggest that there is
a short temporal phase of aqp1ab gene transcription in the
primary growth oocytes, and that the resultant transcripts are
immediately translated prior to their depletion at the onset of
vitellogenesis. The de novo pool of Aqp1ab proteins in the primary
growth oocytes may be post-translationally modiﬁed (phosphory-
lated), transported and stored in the peripheral ooplasm during
subsequent stages of oocyte development.
Isolation of the gilthead seabream aqp1ab promoter and mapping of
the transcription initiation sites
Since the genome sequence of the gilthead seabream is not
available, the ﬁrst step to investigate the transcriptional regula-
tion of aqp1ab was to isolate its promoter region from puriﬁed
genomic DNA. In teleosts, the aqp1aa and aqp1ab loci are
tandemly arranged in the genome (Tingaud-Sequeira et al., 2008;
Zapater et al., 2011), and therefore the aqp1ab 50 ﬂanking region
was ampliﬁed by PCR using speciﬁc primers designed to the
C- and N-termini of the previously cloned (Fabra et al., 2005)
gilthead seabream aqp1aa and aqp1ab cDNAs, respectively.
Further PCR using genomic speciﬁc primers identiﬁed a product
of 1770 bp (Fig. 2A and Supplemental Fig. S1), showing an
identical match to 38 bp in the 50 UTR of the aqp1ab cDNA, and
to 98 bp coding for the N-terminus of the deduced protein (Fabraet al., 2005), conﬁrming that this genomic sequence was directly
upstream of the aqp1ab gene. Analysis of the nucleotide sequence
of the aqp1abmost proximal 50 ﬂanking region (1672 bp) revealed
three domains (nucleotides 906 to 706, 581 to 498, and
405 to 259, considering position þ1 the ﬁrst nucleotide of the
translation start codon ATG) with similarity to exons 2/3 (59%
identity), 3 (71% identity) and 4 (40% identity), respectively, of the
aqp1ab gene (Fig. 2A), suggesting the presence of traces in the
genome of a duplicated aqp1ab pseudogene.
The transcription start sites (TSSs) of the seabream aqp1ab
gene were subsequently determined by 50 RLM-RACE using RNA
isolated from primary ovaries. Five different bands were obtained
after the 50 RACE nested PCR reaction with estimated sizes of
630, 320, 260, 180 and 100 bp, with the 320-bp band being the
most discrete and intense (Fig. 2B). Cloning and sequencing of
these PCR products revealed ﬁve different DNA sequences, each
preceded by a sequence corresponding to the RNA oligonucleotide
adapter and thus representing authentic cap sites. These sites
map to 906, 364, 247, 214, and 48 nucleotides up-
stream of the aqp1ab start codon (Fig. 2C), indicating the presence
of alternative TSSs. Interestingly, alignment of the 50 UTR nucleo-
tide sequence of the ﬁve different mRNAs with that of the 50
ﬂanking genomic region of aqp1ab indicated the existence of
mRNA splicing at sites close to the putative exons of the aqp1ab
pseudogene (Fig. 2A).
The full 1.6-kb 50 ﬂanking genomic sequence of the seabream
aqp1ab gene was analysed for putative cis-acting regulatory
sequences using the Matinspector and TESS software resources.
These analyses revealed the presence of consensus sequences for
core promoter elements important for the interaction with the
basal transcription machinery, such as several TATA and CCAAT
boxes and Sp1, AP1, E-box and initiator (lnr) elements (Fig. 2A and
Supplemental Table S1). The sequence also contained many
motifs that could be bound by caudal-related homeobox (CDX),
Kru¨ppel-like (KLF), Pre-B cell leukemia (PBX) and NKX-homeo-
domain transcription factors involved in gut and kidney develop-
ment and disease, and three potential cAMP-responsive element
binding protein (CREB) sites (Supplemental Table S1). In addition,
the proximal promoter region of seabream aqp1ab contained
putative binding sites for the nuclear PGR and for members of
the SOX family of transcription factors, both known to be
expressed in the oocyte of teleosts (Kanda et al., 1998;
Rodrı´guez-Marı´ et al., 2005; Hanna et al., 2010; Zapater et al.,
2013). Two progestin-responsive elements (PRE), termed
PRE(a) and PRE(b), were, respectively identiﬁed between nucleo-
tides 423 to 416 and 302 to 297, based upon the
consensus core sequence TGTTCT (Yin et al., 2012), and three
SOX binding sites, termed SOX(a), SOX(b) and SOX(c), were,
respectively identiﬁed between nucleotides 1046 to 1040,
688 to 682 and 286 to 280 based upon the consensus
sequence A/T/G)(A/T)CAATG (Mertin et al., 1999) (Fig. 2A). Both
PRE and SOX cis-elements were also detected in the aqp1ab 50
ﬂanking region of different teleosts, regardless of whether they
reproduce in seawater or freshwater and spawn pelagic or benthic
eggs (Supplemental Fig. S2).
Progestin receptor and sox transcription factors are differentially
expressed in seabream oogonia and primary growth oocytes
In recent studies, we have found that the nuclear Pgr and its
ligand 17,20b-P are expressed and synthesized, respectively, in
primary ovaries of the gilthead seabream (Zapater et al., 2012,
2013). To investigate the relationship between Pgr and Aqp1ab
expression during the transition from oogonia to primary oocytes,
we carried out immunoﬂuorescence microscopy on sections from
primary growth ovaries employing the Aqp1ab speciﬁc antiserum
C. Zapater et al. / Developmental Biology 377 (2013) 345–362352as well as an afﬁnity-puriﬁed antibody against the seabream Pgr
(Zapater et al., 2013) (Fig. 3). The results indicated that the Pgr is
expressed in the cytoplasm and nucleus of oogonia, whereas inFig. 3. Differential subcellular localization of the nuclear Pgr and Aqp1ab in oogonia a
((A)–(D)) and epiﬂuorescence ((A)0–(D0)) microscopy images of Pgr ((A) and (A0)) and
immunoﬂuorescence experiments using the Pgr or Aqp1ab antisera were carried ou
counterstained with DAPI. Oogonia express the Pgr both in the nucleus (n) and cytoplas
stage (arrows in (C) and (C0)). In meiosis-arrested primary growth oocytes, the Pgr was
cells surrounding oocytes (arrowheads in (A) and (A0)), while Aqp1ab appears sprea
preadsorbed with the synthetic peptides used for immunization were negative ((B) anprimary growth oocytes, Pgr is almost exclusively localized in the
nucleus as well as in the associated follicle (granulosa) cells
(Fig. 3A and A0). The latter nuclear localization of the Pgr innd primary growth oocytes of the gilthead seabream. Representative bright ﬁeld
Aqp1ab ((C) and (C0)) polypeptides on parafﬁn sections (n¼3 females). Separate
t on sections from the same ovary at the primary growth stage. Sections were
m (arrows in (A) and (A0)), whereas Aqp1ab polypeptides were not detected at this
localized almost exclusively in the nucleus ((A) and (A0)), as well as in granulosa
d in the cytoplasm ((C) and (C0)). Control sections incubated with the antisera
d (B0), and (D) and (D0)).
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expression and synthesis of Aqp1ab in the cytoplasm (Fig. 3C
and C0), suggesting that Pgr could transcriptionally activate
aqp1ab.
To explore the role of Sox transcription factors in the regula-
tion of aqp1ab, we ﬁrst employed RT-PCR and 50 and 30 RACE,
using ovarian RNA and degenerate primers designed within the
Sox factor HMG-box sequence, to isolate seabream sox paralogs
expressed in the seabream ovary. This approach resulted in the
cloning of three different full-length cDNAs with deduced amino
acid sequence homologies to Sox proteins. Bayesian analyses of
the isolated nucleotide and deduced amino acid sequences in
relation to a broad selection of vertebrate sox orthologs revealed
duplicated sox8 and sox9 genes and a single sox3 gene in teleosts
(Supplemental Fig. S3). Based upon the co-clustering of the
seabream sox transcripts and proteins with the zebraﬁsh, and
the Ensembl v70 nomenclature for the zebraﬁsh sox orthologs
(http://www.ensembl.org), we classiﬁed the seabream sequences
as sox3, sox8b and sox9b.
To investigate the cellular sites of sox3, sox8b and sox9b in the
seabream ovary in situ hybridization was carried out on sections
of ovaries at the primary growth, cortical alveoli and vitellogenic
stages (Fig. 4). For sox3, strong expression was observed in the
cytoplasm of oogonia, and of primary, cortical alveoli and vitello-
genic oocytes—the labelling in the ooplasm of vitellogenic
oocytes was mostly concentrated close to the plasma membrane
(Fig. 4A–C). Expression of sox8b was strongly detected in theFig. 4. Gilthead seabream sox transcription factors are differentially expressed during o
sections of the same primary ovary (n¼3 females). Transcripts for sox3 were highly e
Ooplasm sox3 expression persisted in cortical alveolus (B) and vitellogenic (C) oocytes. I
growth oocytes (arrows in (E) and (F)), whereas more developed primary growth oo
transcripts were highly expressed in the cytoplasm, as well as in follicle (granulosa) cells
in oogonia (arrows in I) and transcripts were only detected very weakly in primary gr
alveolus (J) and vitellogenic (K) oocytes. Follicle cells associated to early vitellogenic oo
with sense probes were negative ((D), (H), and (L); oogonia are indicated by arrows).
V, vitellogenic oocytes; ve, vitelline envelope; fc, follicle cells; gc, granulosa cells; tc, tooplasm of oogonia but not in primary growth oocytes, and
subsequently observed in the oocyte cytoplasm as well as in
granulosa cells of cortical alveoli and vitellogenic ovarian follicles
(Fig. 4E–G). In contrast to sox3 and sox8b, oogonia did not express
sox9b, and primary growth oocytes showed a very weak sox9b
staining in the cytoplasm, whereas ooplasmic sox9b expression
was prominent in cortical alveoli and early vitellogenic oocytes
(Fig. 4I–K). At this later stage, a low level of sox9b expression was
also observed in granulosa cells (Fig. 4K). For the three sox
transcripts, control sections incubated with sense probes were
negative (Fig. 4D, H and L). These ﬁndings thus demonstrated that
sox3, sox8b and sox9b are differentially expressed during seab-
ream early oogonesis, and that their oocytic expression precedes
or co-localizes with that of aqp1ab.
Progestins speciﬁcally stimulate aqp1ab promoter activity in both
somatic and germinal cells via proximal PREs
The functional signiﬁcance of the putative PRE sequences
identiﬁed in the proximal promoter of the seabream aqp1ab gene
was ﬁrst investigated in human breast cancer MCF-7 cells, which
express high levels of endogenous estrogen receptor, but also the
PGR and the glucocorticoid receptor. MCF-7 cells were transiently
transfected with the full aqp1ab promoter construct (1672/1)
designed to drive a luciferase reporter in the pGL3-basic vector.
Transfected MCF-7 cells showed constitutive aqp1ab promoter
activity (40-fold increase with respect control cells), which wasogenesis. Representative in situ hybridization for sox3, sox8b and sox9b on parafﬁn
xpressed in the cytoplasm of oogonia (arrows) and primary growth oocytes (A).
n contrast, sox8b was detected only in the cytoplasm of oogonia and early primary
cytes were negative. In cortical alveolus (F) and vitellogenic oocytes (G), sox8b
surrounding vitellogenic oocytes (G and inset). sox9b expression was not observed
owth oocytes, whereas they were strongly expressed in the cytoplasm of cortical
cytes were also weakly labelled with sox9b probes (K). Control sections incubated
n, nucleus; o, oocyte; PG, primary growth oocytes; CA, cortical alveolus oocytes,
heca cells.
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the external addition of progesterone (P4; 1–100 ng/ml) but not
with E2 (1–100 ng/ml) (Supplemental Fig. S4A). Preincubation of
cells with 10 mM of the PGR antagonist RU486 inhibited both
constitutive and P4-stimulated aqp1ab promoter activity (Supple-
mental Fig. S4B), suggesting the involvement of the PGR. Further
transient transfection of MCF-7 cells with full-length (1.672/
1) and four 50 deletion (1005/1, 509/1, 398/1, and
255/1) constructs, in the presence or absence of P4, indicated
that shorter constructs retained full activity as long as the two
PREs were intact, whereas the relative activity was reduced by
30% when the most distal PRE(a) was removed. When both PRE
sequences were eliminated constitutive activity decreased further
by 60%, and P4-induced luciferase activity was completely
abolished (Supplemental Fig. S4C). This suggested that the
two PRE sequences were equally involved in constitutive and
progestin-induced promoter activity.
We next examined the steroid regulation of the seabream
aqp1ab promoter activity by its native nuclear Pgr. For these
experiments, we transiently transfected HEK293T cells, which
lack endogenous PGR, with a seabream Pgr expression vector
(Zapater et al., 2013) and full aqp1ab-luciferase promoterFig. 5. The two proximal PREs of the seabream aqp1ab promoter are equally potent and
(A) HEK293T cells were transiently cotransfected with wild type seabream aqp1ab promoter
ethanol vehicle (EtOH) or the indicated concentrations of different steroids. Data show the re
and were analyzed by ANOVA followed by Tukey’s test of the signiﬁcant interaction. The line
denote signiﬁcant differences between the 17,20b-P- and 17,20b,21-P-treated groups (nPo
PRE(a) and/or PRE(b) mutated aqp1ab promoter [m-PRE(a), m-PRE(b) or m-PRE(a)/PRE(b), as
the PGR inhibitor RU486 (10 mM). Data are from three independent experiments (n¼3) and
C, Relative Luc activity (mean7SEM; n¼3 separate experiments) of stage IV X. laevis oocytes
treated with either ethanol or 100 ng/ml 17,20b-P. nnPo0.01 vs. ethanol-treated controls oconstruct. In a previous study, we reported that 17,20b-P and
17,20b,21-P were the most potent progestins activating Pgr-
mediated luciferase activity of HEK293T transfected with a MMTV
promoter (Zapater et al., 2013). Hence, we ﬁrst tested the
efﬁciency of different doses (1010 to 105 M) of 17,20b-P and
17,20b,21-P, as well as of E2 and T, at activating Pgr-mediated
aqp1ab transcriptional activity. As expected, HEK293T cells
showed a lower constitutive aqp1ab promoter activity (7-fold
increase with respect control cells) compared to MCF-7 cells, and
both 17,20b-P and 17,20b,21-P stimulated promoter activity in a
dose-dependent manner (up to 50-fold with 105 M), whereas
E2 and T were completely ineffective (Fig. 5A). However, unlike
the previous observations using the MMTV promoter, we found
that 17,20b-P is a slightly but signiﬁcantly more potent inducer of
luciferase activity than 17,20b,21-P at all doses tested (Fig. 5A).
In a subsequent series of experiments, the contribution of the
two core promoter PREs for Pgr-mediated aqp1ab transcription in
response to 17,20b-P was investigated. Mutated constructs in either
of the two PRE sequences [m-PRE(a) or m-PRE(b)], or in both
[m-PRE(a)/PRE(b)], were synthesized by site-directed mutagenesis
and separately transfected together with the seabream Pgr expres-
sion vector into HEK293T cells, which were then exposed to 0.1 mMadditive for progestin-speciﬁc activation of transcription in somatic and germ cells.
reporter construct and the seabream Pgr expression vector and treated with either the
lative luciferase (Luc) activity from four independent experiments (mean7SEM, n¼4),
indicated by a is signiﬁcant (Po0.01) vs. vehicle-treated controls, whereas the asterisks
0.05; nnPo0.01). (B) HEK293T cells were transfected as in A using wild type (WT) or
indicated in the diagram], and exposed to 0.1 mM17,20b-P in the presence or absence of
were statistically analyzed as in A. nnPo0.01 vs. RU486-treated or indicated treatments.
injected with the same aqp1ab promoter constructs as in B and seabream Pgr cRNA, and
r indicated treatments.
Fig. 6. Sox transcription factors regulate seabream aqp1ab promoter activity via
distal and proximal SOX binding sites in HEK293T cells. A, Cells were transiently
cotransfected with full-length or a -661 deletion fragment of the aqp1ab reporter
and different combinations of seabream Pgr, Sox3, Sox8b and Sox9b expression
vectors as indicated, and treated with either ethanol vehicle or 10 mM 17,20b-P. B,
Cells were transfected with the wild-type (WT) 661-deletion construct or with
the same construct in which the SOX(c) site was mutated [m-SOX(c)], together
with Pgr and Sox expression vectors as above, and treated with 10 mM 17,20b-P.
Schematic representations of the regulatory regions present in each promoter
construct are indicated above each panel. In both A and B, the data represent mean
(7SEM) relative reporter activity of three independent experiments (n¼3). Data
for the different length reporters were analyzed in separate two-way ANOVAs
followed by Tukey’s post hoc analysis of the signiﬁcant interactions. nPo0.05;
nnPo0.01 vs. cells transfected with empty pcDNA3 or indicated treatments.
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that each of the m-PRE(a) and m-PRE(b) mutant aqp1ab reporters
reduced by approximately half the response of the wild-type aqp1ab
promoter to 17,20b-P (34-fold increase in reporter activity with
respect control cells), whereas the double PRE mutant completely
blocked progestin-stimulated promoter activity (Fig. 5B). The wild-
type, m-PRE(a) and m-PRE(b) reporter activity was completely
inhibited by RU486, while the inhibitor had no effect on the activity
of the m-PRE(a)/m-PRE(b) reporter construct suggesting that con-
stitutive activation of the seabream aqp1ab in HEK293T cells is not
Pgr-dependent. These data thus conﬁrmed previous observations
on MCF-7 cells transfected with aqp1ab promoter deletions,
and strongly suggested that PRE(a) and PRE(b) are bona ﬁde cis-
regulatory elements of the aqp1ab promoter.
Since the aqp1ab transcripts are highly accumulated in vivo in
oocytes of the seabream, the next experiments were aimed at
examining whether the Pgr-mediated regulation of the aqp1ab
promoter via PREs observed in somatic cells was a conserved
mechanism in other vertebrate germ cells. For these experiments,
we used direct injection of promoter constructs into X. laevis stage
IV immature oocytes, which presumably have low levels of
endogenous PGR since they are not competent to respond to P4
by undergoing meiosis resumption (data not shown). Oocytes
were injected with wild-type and mutant PRE aqp1ab constructs,
together with cRNA encoding the seabream Pgr, and subsequently
exposed to 100 ng/ml 17,20b-P. Constitutive seabream aqp1ab
promoter activity was very low in X. laevis oocytes (2-fold
increase in luciferase activity with respect control oocytes
injected with empty pGL3) regardless of whether or not the
oocytes expressed the seabream Pgr, were exposed to ethanol
vehicle alone, or were exposed to either 17,20b-P or ethanol,
respectively (Fig. 5C). However, the reporter activity elicited by
the wild-type aqp1ab construct was strongly stimulated in the
presence of 17,20b-P (27-fold increase with respect control
oocytes), whereas as seen in HEK293T cells the m-PRE(a)
and m-PRE(b) mutant constructs each induced only half of the
response (Fig. 5C). Similarly, the m-PRE(a)/m-PRE(b) mutant
construct completely reduced 17,20b-P-mediated reported activ-
ity to basal levels. Collectively, these results conﬁrmed that
17,20b-P-activated Pgr speciﬁcally stimulates seabream aqp1ab
promoter activity in both somatic and germ cells via two
proximal PREs.
Differential regulation of seabream aqp1ab transcription by Sox3,
Sox8b and Sox9b
To investigate the action of Sox factors in the regulation of
the seabream aqp1ab promoter, we ﬁrst employed HEK293T cells
transiently transfected with seabream Sox3, Sox8b or Sox9b expres-
sion vectors, and the full 1.6-kb aqp1ab promoter construct or a 50
deletion fragment (661/1) in which the SOX(a) and SOX(b) sites
were removed while both PREs were intact (Fig. 6). In these
experiments, we also examined the effect of the co-expression of
Sox factors with similar amounts of Pgr in the presence or absence
of 17,20b-P. Both Sox3 and Sox8b were transcriptionally inactive in
cells transfected with the full aqp1ab promoter, whereas they
elicited a small but signiﬁcant reporter activity (1.3-fold higher
than cells expressing the aqp1ab promoter alone) in cells transfected
with the 661 deletion construct, regardless of the presence of the
progestin in the medium (Fig. 6A). Interestingly, when Sox3 and
Sox8b were co-expressed together with Pgr a synergic stimulation of
the promoter activity of the 661-deletion construct in the pre-
sence of 17,20b-P was observed (Fig. 6A). In contrast, Sox9b
expression repressed constitutive and 17,20b-P-mediated reporter
activity by 55% of both the full and shorter aqp1ab promoter
constructs (Fig. 6A). The stimulatory effect of Sox3 and Sox8b, aswell as the repressor effect of Sox9b, on the promoter activity of the
661 aqp1ab deletion fragment was lost when cells were trans-
fected with the same construct in which the SOX(c) site was
mutated [m-SOX(c)] (Fig. 6B).
To corroborate these observations in germ cells, X. laevis oocytes
were injected with the same wild-type or m-SOX(c) constructs
as above, together with cRNAs encoding Pgr and/or Sox factors
Fig. 7. The proximal SOX binding site of the seabream aqp1ab promoter can play synergistic or inhibitory roles on PRE(a)- and PRE(b)-mediated progestin transcriptional
activation in X. laevis oocytes. A-C, Oocytes were injected with the wild-type (WT) 661-deletion construct of the aqp1ab promoter or with the m-SOX(c) mutant
construct, and with different combinations of Pgr, Sox3, Sox8b and Sox9b cRNAs as indicated, and treated with 10 mM 17,20b-P. (D)–(F) Oocytes were injected with the WT
661-deletion aqp1ab construct or with the same construct in which either of the two PRE sequences were mutated [m-PRE(a) and m-PRE(b), respectively], together with
Pgr cRNA with or without cRNAs of Sox3, Sox8b or Sox9b, and treated with 17,20b-P. Data (mean7SEM) in each panel show relative reporter activity from three
independent experiments (n¼3) and were analyzed separately by two-way ANOVA followed by the Tukey’s test. In (A)–(C), nPo0.05; nnPo0.01 vs. oocytes injected with
promoter constructs alone or indicated treatments. In (D)–(F), nPo0.05; nnPo0.01 vs. oocytes injected with WT aqp1ab construct or indicated treatments.
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obtained, conﬁrming that the SOX(c) element was needed for the
synergistic effect of Sox3 and Sox8b on Pgr-induced aqp1ab promo-
ter activity, as well as for the inhibitory role of Sox9b on transcrip-
tion. By further using X. laevis oocytes and the injection of 661-
deletion constructs in which either of the two PRE were mutated
separately [m-PRE(a) and m-PRE(b) mutant constructs, respec-
tively], we also examined the involvement of the SOX(c)
site and the two PRE sequences in the regulation of the aqp1ab
promoter by Sox3, Sox8b and Sox9b in the presence of the Pgr.
These experiments indicated that the Sox3- and Sox8b-activated
SOX(c) interacted equally with PRE(a) and PRE(b) to synergize with
the Pgr to stimulate aqp1ab transcription, and that Sox9b-activated
SOX(c) was capable of inhibiting Pgr-promoted aqp1ab activity
mediated by PRE(a) or PRE(b) (Fig. 7D–F). Collectively, these data
suggested that the Sox3- or Sox8b-bound SOX(c) element plays a
cooperative role in the activation of the seabream aqp1ab promoter
by interacting with either of the two PREs, whereas upstream
SOX(a) and/or SOX(b) sites down-regulate this effect. By contrast,
when SOX(c) is activated by Sox9b, an inhibition of constitutive and
Pgr-mediated aqp1ab transcription occurs.Gonadotropin and progestin activate aqp1ab transcription and
translation in primary ovarian explants in vitro
The previous results strongly suggested that 17,20b-P may
play a major role in the transcriptional regulation of aqp1ab in
seabream oocytes. To test this hypothesis in a homologous ex vivo
system, we incubated seabream primary ovarian explants, con-
taining exclusively oogonia and primary growth oocytes, with
gonadotropin or 17,20b-P in vitro, and subsequently determined
the aqp1ab transcript levels by qRT-PCR. The rFsh from another
perciform teleost, the European seabass, was used as the gonado-
tropin source, since seabass rFsh promotes 17,20b-P synthesis
in vitro by seabream primary ovaries (Zapater et al., 2012). Incuba-
tion of the explants with different doses of rFsh (1–100 ng/ml)
increased the aqp1ab mRNA levels in a dose-dependent manner
after 24 and 72 h of hormone exposure (Fig. 8A). The rFsh-mediated
stimulatory effect on aqp1ab expression was abolished in the
presence of steroidogenesis and carbonyl reductase inhibitors, such
as AGI and Indo, respectively, as well as of RU486 (Fig. 8B),
suggesting that the gonadotropic regulation of aqp1ab transcrip-
tion may be mediated by rFsh-promoted synthesis of progestins.
Fig. 8. Gonadotropin (Fsh) and progestin stimulate aqp1ab transcription and translation in seabream primary ovarian explants in vitro. A, Effect of seabass rFsh on aqp1ab
transcript levels in explants after 24 h or 72 h of gonadotropin addition. Data (mean7SEM; n¼4 independent experiments) were determined by qRT-PCR and normalized
to 18s ribosomal mRNA expression. Bars with asterisks are signiﬁcant (ANOVA; nPo0.05; nnPo0.01) vs. the 24-h control group. B, Inhibition of rFsh (100 ng/ml)-mediated
aqp1ab expression by 100 mM of steroidogenesis (AGI), carbonyl reductase (Indo) and PGR (RU486) inhibitors at 72 h. Data are means (7SEM) of three separate
expriments (n¼3) analyzed by two-way ANOVA. nnPo0.01 vs. rFsh-treated group without inhibitors or indicated treatments. C, Effect of 17,20b-P on aqp1ab expression
(mean7SEM; n¼4) determined and analyzed as in (A). (D) Inhibition of 17,20b-P-promoted aqp1ab expression by 100 mM RU486 at 72 h. Data are from three independent
experiments (n¼3) and were analyzed as in B. nnPo0.01 vs. 17,20b-P-treated group without inhibitor or indicated treatments. (E) Representative Aqp1ab immunoblot of
protein extracts from explants stimulated in triplicate (lanes 1, 2 and 3) with 17,20b-P for 72 h. Phosphorylated and dephosphorylated Aqp1ab monomers are indicated as
in Fig. 1. Duplicate membranes were probed with anti-alpha-tubulin (Tuba) antibody. Molecular mass markers (kDa) are on the left. (F) Relative abundance of Aqp1ab-
reactive bands (mean7SEM; n¼3 separate experiments) determined by densitometric analysis. Bars with asterisks are signiﬁcant (ANOVA; nPo0.05; nnPo0.01) vs. non-
treated groups.
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this mechanism since the progestin up-regulated the aqp1abmRNA
levels in a dose-dependent manner at 24 and 72 h (Fig. 8C); the
stimulation being inhibited with RU486 (Fig. 8D). The effect of
17,20b-P on aqp1ab translation was also investigated in the same
explants by immunoblotting, which showed that the progestin
elevated the levels of Aqp1ab monomer, as well as of post-
translationally modiﬁed peptides, after 72 h of treatment (Fig. 8E
and F).
Pgr is recruited to the aqp1ab promoter by 17,20b-P in vitro
To investigate whether differences in aqp1ab promoter occupancy
by the Pgr contribute to altered aqp1ab expression in primaryexplants ex vivo, quantitative ChIP assays were performed (Fig. 9).
Explants were treated with 100 ng/ml 17,20b-P, in the presence or
absence of RU486, for 72 h, and chromatin was isolated with an IgG
or Pgr antibody and subsequently analyzed by qPCR using speciﬁc
primers ﬂanking each of the PRE sequences in the seabream proximal
aqp1ab promoter (Fig. 9A). As shown in Fig. 9B, DNA fragments
including the two PRE(a) and PRE(b) sequences in the aqp1ab
proximal promoter region (470/334 and 373/216, respec-
tively) were speciﬁcally immunoprecipitated with the anti-Pgr
antibody but not with a non-speciﬁc IgG. Quantiﬁcation of the
immunoprecipitated chromatin by qPCR indicated that Pgr binding
to both PRE(a) and PRE(b) containing DNA regions was enhanced
5–6-fold by treatment with 17,20b-P and was completely pre-
vented in the presence of RU486 (Fig. 9D). The increased recruitment
Fig. 9. Recruitment of Pgr to both proximal PREs of the aqp1ab promoter by 17,20b-P in seabream primary explants ex vivo determined by ChIP-qPCR. A, Diagram of the
seabream aqp1ab proximal promoter in which the putative PRE sequences (open boxes) and transcription start sites (TSSs) are indicated. The position of the forward
(F) and reverse (R) primer sets used in ChiP-qPCR, speciﬁc for the PRE(a) and PRE(b) amplicons, are indicated below with arrows. B, Representative gel electrophoresis of
PCR products ampliﬁed with each PRE primer set from seabream Pgr antibody- and IgG-immunoprecipitated chromatin in explants exposed to ethanol (EtOH) or 17, 20b-P
(100 ng/ml) for 72 h. C, Representative Pgr immunoblot of triplicate (lanes 1, 2 and 3) protein extracts from the groups shown in B. The arrows point to Pgr and a putative
Pgr splice variant (Pgr_tv1). Duplicate membranes were probed with anti-alpha-tubulin (Tuba) antibody. Molecular mass markers (kDa) are on the left. D, ChIP-qPCR
analysis of the PRE(a) and PRE(b) in the seabream aqp1ab proximal promoter after treatment of explants as in B in the presence or absence of 100 mM RU486. Data (7SEM;
n¼4 independent experiments) are presented relative to input chromatin alone since the background signal levels (IgG) were undetectable (data not shown). nnPo0.01 vs.
ethanol-vehicle controls or indicated treatments.
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synthesis, since immunoblotting analysis (Fig. 9C) showed that the
progestin did not increment the polypeptides corresponding to the
wild-type Pgr or the Pgr_tv1 alternative splicing isoform (Zapater
et al., 2013). These results therefore suggest that 17,20b-P enhances
Pgr recruitment to both PRE sequences in the aqp1ab promoter,
which may contribute to the stimulation of transcriptional activity.Discussion
As a ﬁrst step toward elucidating the transcriptional mechan-
isms that underly aqp1ab expression in teleost oocytes, we cloned
and functionally characterized the 50-ﬂanking region of the
seabream aqp1ab gene. As observed in the core promoter of
many mammalian aquaporins (Inase et al., 1995; Umenishi and
Verkman, 1998a, 1998b; Borok et al., 2000), the seabream aqp1ab
proximal promoter shows several TATA and CCAAT boxes, as well
as Sp1, AP1 and E-box elements. Experimental determination of
the TSSs by RLM-RACE indicated ﬁve different initiation sites in
primary oocytes, although the majority of transcripts seem to
initiate at position 364 upstream of the ATG start codon (TSS2).
Alternative TSSs are also found in some mammalian aquaporin
genes, such as mouse AQP8 (Calamita et al., 1999) or human AQP4
(Lu et al., 1996). In the seabream aqp1ab 50-ﬂanking region, the lnr
sequences [consensus sequence YYA(þ1)NWYY in humans (Bucher,1990), where A(þ1) usually designates the TSS], which facilitate
binding of regulatory proteins to the core promoter and are
important for TSS selection and promoter strength (Smale and
Baltimore, 1989), are found very close to the experimentally
determined aqp1ab TSSs. Thus, the A(þ1) nucleotide of the lnr
sequences were located at 22, 12, 5, 9 and 7 nucleotides down-
stream of the TSS1, TSS2, TSS3, TSS4 and TSS5, respectively,
determined by RLM-RACE experiments. The TSS1 (906), TSS2
(364), TSS3 (247) and TSS4 (214) are however, respectively,
positioned 252, 298, 415 and 448 nucleotides downstream of a
TATA box (662), which is much farther than the optimal position
(31 to 30 in relation to the TSS) described in metazoans
(Ponjavic et al., 2006). For TSS5, however, two TATA boxes are
located 13 and 133 nucleotides upstream of the initiation site. The
absence of a proximal TATA box upstream of TSS1–TSS4, and the
presence of a GC-rich region particularly upstream of TSS2, suggests
that transcription of aqp1ab in oocytes may be predominantly TATA-
independent. A similar mechanism has been suggested for some
mammalian aquaporins, such as the mouse AQP8 gene (Calamita
et al., 1999), the mouse and human AQP5 (Lee et al., 1996) and the
rat AQP5 in salivary glands (Borok et al., 2000).
The in silico analysis of the seabream aqp1ab promoter identiﬁed
a duplicated aqp1ab pseudogene and numerous putative cis-acting
regulatory elements that may serve as targets for sequence-speciﬁc
enhancer/silencer transcription factors. An interesting aspect of
the former observation was that the experimentally determined
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splice sites of exons 2–4, supporting the notion that a degraded
aqp1ab gene exists at this locus. Among the cis-acting regulatory
elements identiﬁed, we found numerous consensus sequences that
may be bound by transcription factors involved in gut and/or kidney
development in mammals and zebraﬁsh, such as CDX (Flores et al.,
2008; Beck and Stringer, 2010), Kru¨ppel-like factors (KLF4, KLF15;
Mallipattu et al., 2012; Li et al., 2011; Yu et al., 2012), PBX1
(Schnabel et al., 2003), or NFKB1 (Panzer et al., 2009). This observa-
tion is consistent with the expression of aqp1ab in osmoregulatory
organs of teleosts, such as the kidney and rectum (Cerda and Finn,
2010), in addition to the oocyte, and with the constitutive activation
of the seabream aqp1ab promoter in HEK293T and Caco-2 cells (data
not shown). In the teleost kidney and rectum, Aqp1ab has been
proposed to maintain water balance by mediating transcellular
water transport across epithelia (Cerda and Finn, 2010). The
seabream aqp1ab promoter also contains three potential CREB sites
responsive to cAMP that are found in mamalian aquaporin genes
including AQP2 (Yasui et al., 1997; Yu et al., 2009) and AQP5 (Wang
and Zheng, 2011), as well as one potentially conserved site for
hypoxia inducible factor-1, which can activate murine AQP1 tran-
scription in endothelial cells in response to hypoxia (Abreu-
Rodrı´guez et al., 2011).
More interestingly, the seabream aqp1ab promoter contains
two PREs and three putative binding sites for SOX transcription
factors, which are also found upstream of the aqp1ab gene in
different teleosts. In situ hybridization and immunolocalization
experiments showed that the Pgr and sox3 and sox8b were
strongly expressed in seabream oogonia, thus preceding the
activation of aqp1ab transcription and translation in primary
growth oocytes. Moreover, in these latter oocytes the Pgr is
almost completey translocated from the cytoplasm into the
nucleus, indicating the possible activation of the receptor by its
ligand 17,20b-P, which at this stage is produced by granulosa cells
in response to Fsh (Zapater et al., 2012). In contrast, sox9b appears
to be expressed at low levels in primary growth oocytes but its
expression level was greatly enhanced in more advanced stages of
oocyte development. These ﬁndings therefore provided circum-
stantial evidence for a possible role of Pgr as well as of Sox factors
in regulating aqp1ab transcription in seabream primary growth
oocytes. In this study, we also detected the presence of sox8b
transcripts in granulosa cells surrounding cortical alveolus and
early vitellogenic oocytes. Although sox8 has not been detected in
the granulosa cells of zebraﬁsh (Rodrı´guez-Marı´ et al., 2005), this
observation in seabream is in line with the ﬁnding of SOX8
expression in mural granulosa cells of mouse preovulatory folli-
cles (Salmon et al., 2005). Interestingly, sox3 and aromatase
(cyp19a1) (Zapater et al., 2012) are co-expressed in the ooplasm
of seabream primary oocytes, which would be consistent
with sox3 activation of cyp19a1 transcription as shown in some
amphibians (Oshima et al., 2009).
Experimental analysis of the seabream aqp1ab promoter in
heterologous systems showed that the nuclear Pgr can regulate
aqp1ab transcription in transactivation assays. Since teleost
Aqp1ab is expressed in both somatic and germ cells (Cerda and
Finn, 2010), for these assays we employed HEK293T cells as well
as X. laevis oocytes. Frog oocytes have typically been used in early
gene regulation studies because they are transcriptionally very
active, show a basal transcriptional machinery distinct from that
in somatic cells, and, unlike gilthead seabream oocytes, are very
large and easy to collect and microinject in high quantities
(Li et al., 2009). Therefore, stage IV X. laevis oocytes, although at
a more advanced stage than seabream primary growth oocytes,
offer a good alternative to investigate aqp1ab transcription in
germ cells. The experiments in HEK293T cells and oocytes gave
identical results showing that progestin-activated seabream Pgr iscapable of activating the intact seabream aqp1ab promoter
through the two PREs in the 50 ﬂanking region of the aqp1ab
promoter, and that this activity is ablated by mutations or
deletions of these sites. However, because the different hetero-
logous systems employed may have different activating and
repressive factors compared to seabream primary growth oocytes,
the transcriptional regulation of aqp1ab by the Pgr was further
investigated ex vivo in seabream primary ovarian explants
exposed to 17,20b-P in the presence or absence of the Pgr
inhibitor RU486. By using direct ChIP assays, qRT-PCR and
Western blotting, these experiments conﬁrmed that 17,20b-P
enhanced the recruitment of the Pgr to both PREs in the aqp1ab
promoter, and subsequently activated aqp1ab transcription and
translation. Because 17,20b-P is synthesized in response to Fsh in
seabream primary ovarian follicles (Zapater et al., 2012), we also
tested the ability of Fsh to drive aqp1ab expression. As expected,
Fsh stimulated aqp1ab transcription, which was abolished by
inhibitors of the P450c17-II (Cyp17a2)/20b-hydroxysteroid dehy-
drogenase (Cbr1) steroidogenic pathway required for progestin
synthesis (Zhou et al., 2007; Zapater et al., 2012). Therefore, these
ﬁndings are consistent with the notion that aqp1ab expression
in seabream primary growth oocytes is activated by 17,20b-P
produced by the granulosa cells in response to Fsh.
In the mammalian ovary, it is well known that the nuclear
PGR regulates a high number of genes including those involved
qin primordial follicle assembly (Nilsson et al., 2006). In non-
mammalian vertebrates, including teleosts, the role of progestins
has primarily been associated with meiosis initiation or resump-
tion (Nagahama and Yamashita, 2008; Miura et al., 2006, 2007),
so it is not known if these steroid hormones also play a role
beyond the mediation of cell cycle progression. However, the
prevalence of the Pgr immunoreaction in the nuclei of seabream
primary growth oocytes (Zapater et al., 2013; present study), as
well as in zebraﬁsh (Hanna et al., 2010), suggests that the nuclear
Pgr may regulate gene transcription in early ovarian follicles of
teleosts. The present study reveals for the ﬁrst time that this is
most likely the case, and that aqp1ab is one of the target genes of
the Pgr in seabream primary growth oocytes. By combining
our present and earlier results, we propose a model that sum-
marizes our current hypothesis for the endocrine regulation
of aqp1ab transcription in seabream oocytes (Fig. 10). In this
model, activation of the Fsh receptor (Fshra) in primordial
granulosa cells surrounding primary oocytes rapidly drives the
up-regulation of cyp17a2 and cbr1 transcription, and the con-
comitant down-regulation of P450c17-I (cyp17a1) and cyp19a1
responsible for estrogen synthesis, resulting in an enhanced
production of 17,20b-P (Zapater et al., 2012). The subsequent
binding of 17,20b-P to the nuclear Pgr in the primary growth
oocyte activates the receptor and promotes aqp1ab transcription
through independent interaction with two cis-acting PREs in the
aqp1ab proximal promoter. Transactivation and ChiP assays
showed that both PREs appear to be equally effective at activating
aqp1ab transcription, and therefore it remains unknown why two
PREs evolved in the aqp1ab promoter. It may be speculated
though that selection pressure has favoured the retention of
multiple PREs for the efﬁcient activation and synthesis of gene
products such as Aqp1ab, in order that sufﬁcient levels of the
channel are available in the fully-grown oocytes for rapid water
ﬂux during meiosis resumption.
The proposed endocrine pathway for the developmental reg-
ulation of the aqp1ab gene during oogenesis may be essential for
the production of viable eggs in seabream and other acantho-
morph teleost that spawns pelagic eggs, since the aqp1ab protein
product is required for full hydration of oocytes undergoing
meiotic maturation (Fabra et al., 2005; Zapater et al., 2011).
However, in silico analysis of the seabream aqp1ab promoter also
Fig. 10. Proposed model for the endocrine pathway involved in aqp1ab transcriptional regulation in gilthead seabream primary growth oocytes. The scheme depicts the
Fsh receptor (Fshra)-mediated progestin (17,20b-P) synthesis and subsequent activation of aqp1ab transcription through the nuclear Pgr, potentially under positive and
negative modulation by Sox transcription factors. At the primary growth stage, activation of the Fshra in granulosa cells triggers 17,20b-P production through the up-
regulation of the P450c17-II (Cyp17a2)/20b-hydroxysteroid dehydrogenase (Cbr1) steroidogenic pathway in granulosa cells (Zapater et al., 2012). Binding of 17,20b-P to
Pgr activates the receptor which promotes transcription likely through independent interaction with two PREs [PRE(a) and PRE(b)] in the aqp1ab proximal promoter.
Interaction of Sox3 or Sox8b with a proximal SOX(c) binding site can act synergistically with the PRE(a) or PRE(b) to enhance Pgr-mediated transcription. The distal
SOX(a) and/or SOX(b) sites can however down-regulate the synergistic effect of Sox3 or Sox8b through the SOX(c) site (dashed lines). By contrast, Sox9b represses aqp1ab
transcription only through the SOX(c) binding site. Thus, presumably low levels of expression of Sox9b in primary growth oocytes allow Pgr-driven aqp1ab mRNA and
protein synthesis, whereas increased Sox9b levels in more advanced oocyte stages may inhibit aqp1ab expression.
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factors other than the Pgr that might be of relevance during
oocyte development, such as TCF/LEF-1 involved in the Wnt
signaling pathway (Harwood et al., 2008; Langdon and Mullins,
2011), CREB (Sundaram et al., 2003) or PBX-HOX (Villaescusa
et al., 2004). Moreover, we found different TSSs of aqp1ab in
seabream oocytes suggesting the usage of various transcription
initiation sites. Therefore, it is possible that some of these
transcription factors may also be involved in the regulation of
aqp1ab transcription in teleost oocytes. In addition, we have
recently shown that four splice variants of the nuclear Pgr are
expressed in the seabream primary growth stage ovary, and that
two of the isoforms can operate as dominant-negative inhibitors
of Pgr-mediated transcription (Zapater et al., 2013). Whether
these isoforms are involved in aqp1ab transcriptional regulation
remains to be determined.
The functional analysis of the seabream aqp1ab promoter in
heterologous systems also demonstrated that Sox transcription
factors can differentially regulate aqp1ab transcription, which
implies that they could modulate the action of the Pgr (Fig. 10).
Although this regulation could not be directly validated ex vivo
in the present study, our data in both HEK293T cells and X. laevis
oocytes indicated that Sox3 and Sox8b were able to signiﬁcantly
activate aqp1ab transcription, although they were much less
efﬁcient than the Pgr. However, by acting through the SOX(c)
binding site closely located to the proximal PRE(b), both factors
elicited a positive synergistic effect with that of Pgr. Such a
mechanism likely involves Sox-mediated conformational changes
in the chromatin that exposes the PREs to facilitate Pgr binding
(Vicent et al., 2010; Clarke and Graham, 2012). In contrast, in both
somatic cells and oocytes, Sox9b acting through the same cis-
regulatory SOX(c) site exerted a more potent transcriptional
repression of aqp1ab compared to the activation abilities of eitherSox3 or Sox8b. This observation is consistent with the decrease of
aqp1abmRNA levels in cortical alveoli stage oocytes in vivo, which
show a pronounced sox9b expression. Since at this stage of
oogenesis there was also a prominent expression of sox3 and
sox8b in the ooplasm, and that the nuclear localization of the Pgr
was reduced with respect to that observed in primary growth
stage oocytes (Zapater et al., 2013), is it possible to speculate that
rather low in vivo levels of Sox9b may be able to inhibit aqp1ab
expression in seabream cortical alveoli oocytes.
The extensive searching of available genomes revealed that
cis-acting PREs and SOX sites are also present in the 50 ﬂanking
region of aqp1ab genes of different teleosts regardless of their
reproductive strategy (i.e. production of hydrated pelagic vs. non-
hydrated benthic eggs). This is illustrated, for instance, in the
zebraﬁsh, which produces non-hydrated benthic eggs and in
which putative Pgr and Sox responsive elements are found in
the 50 proximal genomic region of the aqp1ab gene (Supplemental
Fig. S2). Considering that the nuclear Pgr is detected in the
nucleus of zebraﬁsh primary growth oocytes (Hanna et al.,
2010), one could expect a prominent activation of the aqp1ab in
these oocytes. However, this mechanism apparently does not
occur since in zebraﬁsh ovarian aqp1ab transcripts are hardly
detected by RT-PCR (Tingaud-Sequeira et al., 2008, 2010). To
investigate the underlying mechanism, we carried out a preli-
minary experiment using transient transgenic zebraﬁsh expres-
sing aqp1ab promoter-enhanced green ﬂuorescent protein (EGFP).
The results showed that when the aqp1ab-EGFP plasmid was
microinjected into zebraﬁsh embryos at 1–2 cell stages, the
1.672-kb aqp1ab promoter was able to target EGFP expression
speciﬁcally to the rectum of 35–40 days post fertilization females
(Supplemental Fig. S5A and B), which is consistent with the
prominent abundance of Aqp1ab at the apical brush border of
seabream rectal enterocytes (Raldu´a et al., 2008). However, EGFP
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mental Fig. S5C). Interestingly, in contrast to the seabream,
zebraﬁsh primary growth and cortical alveoli stage oocytes
strongly express sox9b (Rodrı´guez-Marı´ et al., 2005), which
represses seabream aqp1ab promoter activity. Based on these
observations, and in accordance with our proposed model, it can
be hypothesized that Sox9b proteins inhibit Pgr-mediated aqp1ab
transcription in zebraﬁsh oocytes, and perhaps in other teleosts in
which aqp1ab is not required for the production of viable eggs.
However, because mutant SOX aqp1ab constructs were not tested
in these preliminary experiments, this hypothesis needs to be
addressed in future studies, as well as the existence of additional
mechanisms that can regulate the action of the Pgr on aqp1ab
transcription in the ovary of teleosts that produce non-hydrated
benthic eggs.
In conclusion, the present work shows the existence of a tight
developmental regulation of the seabream maternal factor
aqp1ab, a functional water channel with an essential role for
oocyte hydration during meiosis resumption in marine teleosts.
Our data suggest that aqp1ab is speciﬁcally induced in meiosis-
arrested primary growth oocytes by the nuclear Pgr, which is
activated by the progestin 17,20b-P produced by granulosa cells
in response to a gonadotropic surge. These observations thus
reveal that the previously unknown target genes of the nuclear
Pgr in primary growth oocytes of marine teleosts include aqp1ab.
The Pgr-mediated mechanism can also be potentially modulated
by Sox transcription factors involved in gonad differentiation
(Lefebvre et al., 2007), and therefore aqp1ab may also represent
one of the down-stream targets of Sox associated with oocyte
differentiation in teleosts. In any event, our study provides a
mechanistic framework for understanding the developmental
pathways directing aquaporin transcriptional regulation in verte-
brate oocytes and the molecular mechanisms involved in deter-
mining the phenotype of the marine teleost pelagic egg.Acknowledgements
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